The induction and termination of pupal diapause of Helicoverpa armigera were examined in three local populations from Kagoshima, Okayama and Ishikawa in Japan. Pupae in diapause retained eyespots for much longer than non-diapause pupae, and for markedly diverse durations. Once eyespots disappeared at the end of diapause, the period required for development until eclosion was more or less constant at 18°C. In all experiments repeated twice under the same conditions, male pupae generally showed a high tendency to enter diapause while female pupae showed a slight and rather population-specific tendency towards diapause. This trait as well as the higher intensity of male pupal diapause and the shorter post-diapause period of females suggest that females emerge first in the field in spring. This feature was regarded to be potentially important for considering the life-history strategy of this cosmopolitan pest.
INTRODUCTION
Helicoverpa armigera is a serious pest of various families of commercial crops around the world (Reddy and Manjunatha, 2000) . Since 1994, when the outbreak of this species was first observed in Japan (Yoshimatsu, 1995) , significant effort has been made to investigate its pest status, which is mainly attributed to (1) long distance migration (Farrow and Daly, 1987) , (2) wide host range (Zalucki et al., 1986; Fitt, 1989; Hamamura, 1998; Casimero et al., 2000) , (3) resistance to insecticides (Wilson, 1974; Daly and Murray, 1988) , (4) high fecundity (Reed, 1965) and (5) overwintering ability in the pupal stage (Roome, 1979; Wilson et al., 1979; Eger et al., 1982) .
The species is capable of overwintering in Japan (Qureshi et al., 1999 (Qureshi et al., , 2000 . However, the overwintering generation showed strong protogynous emergence in spring under semi-naturally controlled conditions (Shimizu, 1999) , which would be unsuitable for reproductive synchronization. Few eclosing adults from the overwintering pupae of H. armigera have been recorded in the field (Hamamura, personal communication) . Butler et al. (1985a, b) revealed that only male pupae of Heliothis virescens showed high-temperature-induced aestivation. This suggests that sexual differences in dormancy are possible among these noctuid species.
For a full understanding of the life-history strategy of H. armigera in Japan, further studies are required. This study is the first to consider physiological traits of H. armigera that might show sexual differences.
MATERIALS AND METHODS
Wild late-stadium larvae of H. armigera were collected in Kagoshima (Ohsumi, 130°55ЈE; 31°26ЈN), Okayama (Ushimado, 134°08ЈE; 34°37ЈN) and Ishikawa (Kanazawa, 136°41ЈE; 36°36ЈN) in late autumn of 1999, 2000 and 2000, on okra fruit, cabbage leaf and daikon leaf, respectively. In the laboratory, the larvae of each local population were maintained individually to prevent cannibalism, under constant conditions (25°C, 16L8D) with an artificial diet, Insecta LFS (Nihon-Nosan Kogyo Co.). For mating and oviposition, ten to fifteen pairs of emerged adults were confined in a cage (30ϫ30ϫ30 cm) and provided with cotton wool as an oviposition substrate. They were fed with 10% honey solution.
Newly deposited eggs were removed from the cage and immediately transferred into a series of containers under five controlled photoperiodic regimes (11L13D, 12L12D, 13L11D, 14L10D and 15L9D) and a constant temperature of 18°C, considered to be low enough for diapause induction of this species (Qureshi et al., 1999) . In each regime, 80 to 120 3rd-stadium larvae were placed individually in petri dishes (90 mm dia.ϫ15 mm height). They were fed with Insecta LFS, allowed to pupate in the same dish and kept in the containers until eclosion. Diapause pupae of H. armigera show eyespots in the post-genal region for a certain period after molting (Shumakov and Yakhimovich, 1955) . Pupae with eyespots retained for more than 15 d were considered to be in diapause (Cullen and Browning, 1978) . The durations of the pupal stage before eyespot disappearance and of the subsequent pupal stage until eclosion were recorded. Pupae were checked daily for eyespots and eclosion. Individuals were sexed as pupae according to Butt and Cantu (1962) .
The experiments were conducted twice using individuals reared for successive generations in the laboratory (25°C, 16L8D). The individuals used for the first experiment were from the 4th, 2nd and 1st laboratory generations and those used for the second were from the 8th, 4th and 3rd laboratory generations of the Kagoshima, Okayama and Ishikawa populations, respectively. In the second experiment, only eyespots were checked on the 15th day after pupation. A cross-survey between the Okayama and Ishikawa populations was done under the same conditions, in order to preclude the effects of inbreeding depression. Figure 1 shows the pupal durations of all individuals from the Ishikawa population. At 18°C, non-diapause pupae of H. armigera retained eyespots for less than 8 d (Fig. 1) , and this tendency was common throughout the three local populations. On the contrary, the durations of eyespot retention were remarkably diverse among individuals in diapause, ranging from a few weeks to more than a year (Fig. 1) . In most cases, male pupae in diapause showed higher diapause intensity as they took longer to develop than female pupae (Table  1) .
RESULTS
Once the eyespots had disappeared, pupae needed a definite further period until emergence (males: 22-28 d, females: 20-27 d), although, in a few cases in both sexes, individuals that had experienced diapause spent a little longer as pupae than non-diapause ones, especially in the Kagoshima population ( Table 2 ). The period from eyespotdisappearance until emergence was significantly shorter in females than in males for both diapause and non-diapause pupae (independent t-test, pϽ 0.05), except for a few cases (Table 2) .
In all three populations, only a few pupae entered diapause at 15L9D and 14L10D, whereas a markedly greater number of pupae entered diapause as the photoperiod decreased from 14L10D to 13L11D (Fig. 2) . The incidence of diapause was significantly higher in males than in females in all populations (Fig. 2) , and it was not strongly af- fected by the successive rearing (Fig. 3) . The variation of diapause incidence among the populations was relatively small in males, especially in short photoperiods (Fig. 4A, C) , while that of females was large (Fig. 4B, D) . As shown in Fig. 4 , most conspicuously observed in 12L12D and 11L13D, females showed a rather population-specific incidence of diapause, which was relatively low in the Kagoshima population, moderate in the Okayama population and high in the Ishikawa population.
As a result of the cross-survey, a similar tendency of diapause induction was observed in both crosses, providing no suggestion about the genetics of diapause induction, although a sexual difference was still detected in the crosses (Fig. 5) .
DISCUSSION
A sexual difference in diapause induction, under constant laboratory conditions of low temperature and short photoperiod, was detected in H. armigera for the first time (Figs. 2, 3) , even though the ultimate factors have not been clarified and verification in the field also has not yet been done. Nevertheless, this finding may be of value in developing a new hypothesis of the life-history strategy of this species, as it did not change the population-specific tendency after the laboratory rearing (Fig. 4) , nor was it an adventitious result accompanied with inbreeding depression (Fig. 5) . Butler et al. (1985b) observed a sexual difference in aestival diapause induction in a closely related noctuid species, H. virescens, and suggested that it was a reflection of the reproductive advantages for males to be in dormancy while the environment was not favorable, as under excessively high temperature. In their experiments, the viability of eggs was significantly higher from males that had experienced aestivation (hatching rate: 58% vs. 2%). This indicates there is some negative effect of persisting in adverse conditions for a long period without dormancy. Nibouche (1998) detected the same tendency in aestival diapause of H. armigera and demonstrated how the advantages of the aestival diapause would contribute to its local adapta- tion. Overwintering, in particular, may also have such advantageous effects in male physiology. Non-diapause females, being physiologically unaffected by the cold, might fly to search for mates at other sites, however it might be more adaptive for males in a cold climate to enter diapause than to continue further reproduction that would probably be unsuccessful due to the damaged physiological state.
There have been no reports suggestive of the potential costs of diapause to females of H. armigera in support of the lower tendency to diapause induction, like that exhibited in flesh flies (Sarcophaga), where the deleterious effects of diapause were distinctively observed in females (Denlinger, 1981) . More data are required on this point.
The magnitude of the sexual difference in diapause induction varied characteristically for each population, which was attributed mainly to the diapause incidence of the females (Figs. 2, 3) . The environmental conditions of each local site may explain this variation, although we should also consider the original significance of this sexual difference in the source population, assumed to be in the south. The Kagoshima population is best considered to genetically resemble the southern populations and its females showed the lowest incidence of diapause in this study. As populations spread northward, the sexual difference might have gradually diminished, as seen in the Okayama and Ishikawa populations. The information is insufficient at the moment, because these populations were collected in late autumn and they may have shown the mixed phenotypes of immigrant populations and locally established ones.
The duration of the eyespot-retaining period varied widely and all the diapause individuals gradually resumed development as time went by (Fig. 1) . Individuals with untimely diapause termination in H. armigera would risk emergence in seasons when there are no available resources. However, because H. armigera terminates diapause in response to temperature (Wilson et al., 1979) , this large variation in diapause intensity under constant conditions might be canceled under natural conditions.
In this study, eyespot disappearance was proven to be a reliable indicator of diapause termination 530 K. Shimizu and K. Fujisaki ( Table 2 ). Regardless of the diapause state of H. armigera pupae, thermal requirements after the disappearance of eyespots seemed constant. However, as seen best in the Kagoshima population, periods after eyespot disappearance were somewhat longer in the diapause-experienced individuals than Sexual Differences in Diapause of H. armigera 531 Fig. 3 . Effects of photoperiod on the induction of pupal diapause in H. armigera from three local populations at 18°C. The 8th, 4th and 3rd laboratory generations from the Kagoshima, Okayama and Ishikawa populations were used, respectively. Open circles show males and solid ones show females. * Significant difference between the sexes (chi-square test, pϽ0.05). in non-diapause ones ( Table 2 ). The effects of this difference under natural conditions are unknown.
The protogyny of H. armigera, whereby female adults eclose in advance of male ones (Shimizu, 1999) , is not affected by the experience of diapause in the pupal stage (Table 2) . Some authors regard protogyny as a strategy to prevent inbreeding depression (Rhainds et al., 1995; Uematsu and Morikawa, 1997) . This argument is not adequate in the case of H. armigera for several reasons, such as, the cases of protogyny are rare among lepidopteran insects compared to protandry, the opposite trait of protogyny, which would work the same way (Thornhill and Alcock, 1983) . Given the fact that diapause intensity of male pupae is stronger (Table 1) , the protogynous emergence of the overwintered generation of this species in the field may be a complex result of these sexual differences, which may have important implications for the life history.
Even in the protogynous emergence, most females may successfully mate with males from an earlier set. Although the huge variation in the diapause duration may be less evident, as mentioned above, an overwintered population of H. armigera will still be somewhat spread out in time within one generation. However, there are no reasonable insights to support the earlier emergence of female moths in spring. By the time of emergence of H. armigera in Japan, female adults could access nectariferous flowers as food for themselves and host plants for oviposition. Furthermore, food requirements of prereproductive males were shown to be equal to those of females (Colvin and Gatehouse, 1993a) and there is no sexual difference in the prereproductive period (Colvin and Gatehouse, 1993b) . The reasons proposed to explain why female eclosion occurs before that of males are not powerful except for one deduced from Hou and Sheng (1999) . They found increased fecundity in multiply mated females of this species and a special benefit for them when mated with virgin males. However, this species is originally known for its enormous fecundity (Reed, 1965) . It is questionable if the increased fecundity per se can be an evolutionary pressure for the evolution of protogyny. More examples and details about these sexual differences are therefore required.
